Fetuses with transposition and abnormalities of the foramen ovale and/or ductus arteriosus detected by ultrasound may develop severe hypoxemia postnatally. Higher than normal oxygen content in the pulmonary artery has been considered to be responsible. Patterns of blood flow in the normal fetus and the fetus with aortopulmonary transposition were reviewed. Well-oxygenated ductus venosus is preferentially directed through the foramen ovale into the left atrium. Normally this produces a higher oxygen content in the ascending aorta. In the fetus with transposition, pulmonary arterial oxygen content is higher. Pulmonary vascular resistance is decreased and the ductus arteriosus constricted. Increased pulmonary venous return to the left atrium tends to close the foramen ovale. Changes are more likely in the last trimester because sensitivity of the pulmonary circulation and ductus arteriosus increases. Severe ductus arteriosus constriction could result in pulmonary arterial hypertension and increased pulmonary arteriolar smooth muscle development. Variability of responses could be related to the proportion of umbilical venous blood passing through the ductus venosus. It is proposed that, in fetuses with evidence of abnormalities of the ductus arteriosus andør the foramen ovale, methods to occlude the ductus venosus be developed to avoid progressive changes. I n 1974, I proposed that, as a result of the patterns of blood flow in the fetus, the pulmonary circulation would be exposed to a higher oxygen saturation in the fetus with aortopulmonary transposition than in the normal fetus. This would induce pulmonary vasodilatation and increase pulmonary blood flow. As a result, the ductus arteriosus may be narrowed, because a greater proportion of the blood ejected by the right ventricle would be diverted into the pulmonary circulation away from the ductus (1). At that time it was not possible to examine the fetus in utero. However, with the advent of ultrasonography, two reports have described the presence of abnormalities of the foramen ovale and/or the ductus arteriosus in some fetuses with aortopulmonary transposition (2,3). The possible role of increased pulmonary arterial oxygen saturation in causing these changes was reiterated (2). Proposed mechanisms responsible for these changes and a possible approach to management are presented.
I n 1974, I proposed that, as a result of the patterns of blood flow in the fetus, the pulmonary circulation would be exposed to a higher oxygen saturation in the fetus with aortopulmonary transposition than in the normal fetus. This would induce pulmonary vasodilatation and increase pulmonary blood flow. As a result, the ductus arteriosus may be narrowed, because a greater proportion of the blood ejected by the right ventricle would be diverted into the pulmonary circulation away from the ductus (1) . At that time it was not possible to examine the fetus in utero. However, with the advent of ultrasonography, two reports have described the presence of abnormalities of the foramen ovale and/or the ductus arteriosus in some fetuses with aortopulmonary transposition (2, 3) . The possible role of increased pulmonary arterial oxygen saturation in causing these changes was reiterated (2) . Proposed mechanisms responsible for these changes and a possible approach to management are presented.
COURSE OF THE CIRCULATION
In the adult, blood circulates in series. It is ejected by the left ventricle and passes through the systemic circulation to the right atrium. It is then ejected by the right ventricle to the lungs where it is oxygenated and then passes into the left atrium and ventricle. Thus, oxygenated arterial and poorly oxygenated venous blood are well separated on the two sides of the heart.
Normal fetus. The pattern of blood flow in the normal fetus is shown Figure 1 (1,4) . In the fetus, blood is oxygenated in the placenta and returns to the body through the umbilical veins. Umbilical venous blood may pass through the portal venous system into the hepatic venous system and then through hepatic veins into the inferior vena cava, or it may bypass the liver and enter the inferior vena cava via the ductus venosus. Whatever the course, oxygenated blood mixes with systemic venous blood. Inferior vena cava blood may enter the right atrium or pass through the foramen ovale into the left atrium. Superior vena cava blood is channeled by the tubercle of Lower through the tricuspid valve, so that essentially none passes through the foramen ovale into the left atrium. Blood entering the right ventricle contains a major proportion of venous blood from the superior and distal inferior vena cava and a small proportion of oxygenated umbilical venous blood. In the fetal lamb, pulmonary arterial blood has an oxygen tension (Po 2 ) of about 18 mm Hg and an oxygen saturation of about 50%. Because pulmonary vascular resistance is high in the fetus, only about 15% of right ventricular output is directed to the lungs; the remainder passes through the ductus arteriosus to the descending aorta.
The left atrium and ventricle receive oxygenated blood through the foramen ovale as well as all pulmonary venous blood, which has a slightly lower oxygen saturation than pulmonary arterial blood. Because pulmonary blood flow is low, the oxygen saturation of blood entering the left atrium through the foramen ovale is not reduced greatly by the addition of pulmonary venous blood. Blood ejected by the left ventricle into the ascending aorta has an oxygen saturation of about 65% and Po 2 of about 25-28 mm Hg. Descending aortic blood is derived predominantly from the ductus arteriosus, with only a small contribution from the ascending aorta across the aortic arch. The oxygen saturation of descending aortic blood is about 52-53% and Po 2 is about 20 mm Hg. These differences in oxygen levels in ascending and descending aortic blood were believed to be the result of selective streaming of superior vena cava blood through the tricuspid valve into the right ventricle.
It is now recognized that streaming in the porta hepatis and proximal portion of the inferior vena cava contributes to the difference in left and right ventricular blood oxygen contents. The intra-abdominal umbilical vein enters the porta hepatis and first provides portal venous branches to the left lobe of the liver. The ductus venosus arises from the umbilical vein, which then joins the portal vein on the right side of the porta hepatis and provides the portal venous supply to the right lobe of the liver. The course of venous blood flows is shown in Figure 2 . The left lobe of the liver receives venous blood exclusively from the umbilical vein; most blood in the ductus venosus is derived from the umbilical vein, with less than 10% from the portal vein. The right lobe receives almost all portal venous blood as well as a substantial portion of umbilical venous blood (5) . The proportions of umbilical venous blood that are distributed to the hepatic circulation and to the ductus venosus vary greatly. Although an average of 55% of umbilical venous blood passes through the ductus venosus, the amount varies from about 20% to 80% (5-7). Ultrasound studies suggest that in human fetuses a somewhat smaller proportion of umbilical venous blood, about 25-40%, passes through the ductus venosus (8) . The marked variability also has been observed in human fetuses and the proportion of umbilical venous blood distributed through the ductus venosus does not vary widely with repeated observations in the same fetus ( Fig. 3) (9) .
The ductus venosus and left and right hepatic veins enter the inferior vena cava just caudad to the diaphragm. Remarkable streaming can be observed in the fetal lamb; a stream of well-oxygenated blood from the ductus venosus and left hepatic vein is seen on the left posterior side of the intrathoracic inferior vena cava while poorly oxygenated blood from the distal inferior vena cava and the right hepatic vein is noted on the right anterior side. The distribution of these streams has been studied in fetal lambs using radionuclide labeled microspheres (10, 11) . Well-oxygenated ductus venosus blood, as well as left hepatic venous blood, streams preferentially through the foramen ovale into the left atrium and ventricle. Figure  4 . The preferential flow of ductus venosus blood through the foramen ovale contributes to the higher oxygen content of blood in the left ventricle and ascending aorta, as compared with the right ventricle and pulmonary artery.
The preferential streaming of ductus venosus blood through the foramen ovale is the result of both morphologic and functional factors. In the fetal lamb, a membranous valve is attached along the inferior margin of the combined orifices of the ductus venosus and left hepatic vein at the entry into the inferior vena cava (12) . This facilitates the streaming of well-oxygenated blood on the posterior left aspect of the inferior vena cava into the foramen ovale. This valve is not evident in the human fetus, but a sharp ridge at the entrance of the ductus venosus into the inferior vena cava may serve a similar purpose. Velocities of blood flow in the inferior vena cava and the ductus venosus differ markedly. In fetal lambs, mean velocity in the inferior vena cava is 16 cm/s, whereas ductus venosus mean velocity is 57 cm/s (13) . This greater velocity facilitates maintaining the ductus venosus stream directed to the foramen ovale. The velocity of hepatic venous flow is similar to that in the inferior vena cava. The high velocity of ductus venosus flow has also been observed in human fetuses and mean velocity is similar to that in the lamb (14) .
Fetus with aortopulmonary yransposition. The morphology of the umbilical, portal, and hepatic venous circulations is not altered in the fetus with transposition. The patterns of umbilical and portal venous and ductus venosus blood flows can be assumed to be similar to those in the normal fetal circulation. Also, the preferential streaming of ductus venosus blood through the foramen ovale is probably maintained, so that left ventricular blood oxygen saturation will, as in the normal fetus, be higher than right ventricular saturation. However, because the aorta arises from the right ventricle, oxygen saturation of ascending aortic blood is considerably lower than normal. Conversely, oxygen saturation in the pulmonary artery is probably considerably higher than normal; in addition to the fact that well-oxygenated blood from the foramen ovale enters the left ventricle and pulmonary artery, pulmonary venous blood will have a high oxygen saturation because oxygen extraction by the lung is small. An estimate of blood oxygen saturations in different sites of the circulation in the fetus with transposition is presented in Figure 5 . In making these estimates, I have assumed that the volumes of blood flow in the inferior and superior vena cava and the ductus venosus as well as that through the foramen ovale, are similar to those in the normal fetus.
Ascending aortic blood oxygen saturation would be about 20% lower than normal in the fetus with transposition. Thus, oxygen content of blood delivered to both the heart and the brain would be greatly reduced. However, as shown in fetal lambs, this degree of hypoxemia does not reduce oxygen delivery to the brain or heart, because blood flow to these organs increases (15) . Furthermore, oxygen consumption in the heart (16) and brain (17) are maintained at normal levels during hypoxemia. However, reserve of oxygen supply is limited, so that interference with oxygen supply resulting from fetal hypoxic stress or reduced blood flow could drastically affect oxygen supply. Also the possible effects of persistent high blood flows in the brain and myocardium on development should be considered.
As shown in Figure 5 , only minor changes in oxygen levels in descending aortic blood are likely to occur, so that oxygen delivery to lower body organs is probably not altered. Oxygen saturation in the pulmonary artery is considerably greater than normal and in the ascending aorta less than normal. Descending aortic blood oxygen saturation is similar to that in the normal fetus. Assumptions of volumes of blood flow were used in calculating oxygen saturations in the main vessels.
AORTOPULMONARY TRANSPOSITION IN THE FETUS

ROLE OF THE PULMONARY CIRCULATION AND FORAMEN OVALE
Pulmonary vascular resistance in the fetus is very high, so that pulmonary blood flow is relatively small. In late gestation fetal lambs, only about 8% of combined ventricular output is distributed to the lungs (1,4) . There are few studies in the human fetus, but pulmonary blood flow appears to be greater, representing about 15-20% of combined ventricular output (18) . The fetal pulmonary vascular resistance is very sensitive to changes in Po 2 . A decrease in pulmonary arterial Po 2 resulting from fetal hypoxemia induces marked pulmonary vasoconstriction (15, 19) . Increasing the Po 2 by ventilation with air or oxygen results in a marked decrease in pulmonary vascular resistance and increase in pulmonary blood flow (20, 21) . Expansion of the lungs without changing fetal blood gases dramatically reduces pulmonary vascular resistance. In the fetus with transposition, pulmonary arterial blood oxygen saturation increases in the absence of ventilation; in fetal lambs in utero (22, 23) , as well as in the human fetus (18) , increased oxygen levels induce pulmonary vasodilatation and increase pulmonary blood flow. In the study by Konduri et al. (23) , an increase in fetal arterial Po 2 of 7 mm Hg was associated with a 3-fold increase of pulmonary blood flow.
I have postulated that pulmonary arterial oxygen saturation could be increased to more than 70% in the fetus with transposition. This would be equivalent to an increase of Po 2 of about 10 mm Hg and result in a marked increase in pulmonary blood flow. The increase in pulmonary blood flow would have two effects. Firstly, it would cause a marked increase in pulmonary venous return to the left atrium and result in an elevation of left atrial pressure, thus tending to close the foramen ovale. This could account for the abnormal and small foramen ovale observed in some fetuses with transposition. Secondly, because a large proportion of blood ejected into the main pulmonary artery would be directed to the relatively low resistance pulmonary circulation, a much smaller amount than normal would pass through the ductus arteriosus and this could account at least in part, for the smaller diameter of the ductus arteriosus in some fetuses with transposition.
ROLE OF THE DUCTUS ARTERIOSUS
The diameter of the ductus arteriosus may be reduced, not only by the reduction in blood flow but also as a result of the increase in pulmonary arterial oxygen saturation. The ductus arteriosus is constricted by an increase in Po 2 (24) . In the normal fetus, the ductus arteriosus is exposed to the pulmonary arterial blood oxygen saturation of about 50%, because flow is exclusively from the pulmonary artery to the descending aorta. In transposition, the high oxygen saturation of pulmonary arterial blood could induce constriction of the ductus. The bidirectional flow of blood observed in some fetuses with transposition (2,3) could be related to the decreased pulmonary vascular resistance. During systole the high velocity of blood associated with ejection results in flow from the pulmonary artery to the descending aorta, but during diastole, blood flows from the aorta to the pulmonary circulation.
INCREASED PULMONARY VASCULAR RESISTANCE
The occurrence of persistent pulmonary hypertension of the newborn in some infants with aortopulmonary transposition (2) could also be the result of ductus arteriosus constriction. Experimental studies in fetal lambs have shown that partial compression of the ductus arteriosus results in pulmonary arterial hypertension and an increase in the thickness of smooth muscle in fifth generation pulmonary arteries (25, 26) . Newborn lambs that had constriction of the ductus arteriosus in utero had pulmonary hypertension and pulmonary vascular resistance did not respond normally to ventilation (26) .
The factors determining the response of the pulmonary circulation in the fetus with transposition are of considerable interest. Whereas the increase in pulmonary arterial oxygen saturation decreases pulmonary vascular resistance, pulmonary arterial hypertension resulting from ductus arteriosus constriction increases the smooth muscle thickness of the arteriolar wall and eventually increases resistance, apparently independent of the level of oxygen saturation. The increase in resistance would be related to the severity and duration of constriction of the ductus. An elevated resistance would raise the afterload on the left ventricle and reduce ejection and pulmonary blood flow. Also, flow through the constricted ductus arteriosus would occur only from the pulmonary artery to the aorta. Thus, in the presence of a constricted ductus arteriosus, conversion of bidirectional flow to flow from the pulmonary artery to descending aorta alone would predict the likelihood of postnatal pulmonary arterial hypertension. The degree of constriction of the ductus arteriosus could be related to factors other than the level of oxygen in pulmonary arterial blood. Prostaglandin, particularly PGE 2 relaxes the ductus arteriosus, even in the presence of elevated oxygen levels (27) , and thus the concentration of circulating prostaglandin could modify the response of the ductus to oxygen.
Although the increased pulmonary vascular resistance would reduce flow through the foramen ovale and pulmonary blood flow, the elevated pulmonary arterial pressure will be maintained by the narrowed ductus arteriosus.
TIMING OF CHANGES IN FORAMEN OVALE AND DUCTUS ARTERIOSUS
Most ultrasound studies reported in fetuses with aortopulmonary transposition are beyond 30 wk gestation. In the report of Maeno et al. (2) one fetus at 23 wk gestation had no abnormalities of the foramen ovale or ductus arteriosus and four fetuses at 27-28 wk gestation showed either mild ductus narrowing or intermittent bidirectional shunting. Based on studies of the responses of the pulmonary circulation to changes in the Po 2 , it is unlikely that pulmonary vascular resistance would be decreased significantly in fetuses with transposition until the last trimester of gestation. In fetal lambs studied in utero (19) , only minor responses to changes in pulmonary arterial Po 2 were noted at gestational age below100 d (term is 150 d). Response increased progressively with gestational age during the third trimester (Fig. 6) . In a study of human fetuses, inhalation of oxygen by the mother 378 RUDOLPH was associated with no change of pulmonary blood flow at about 25-26 wk gestation, but with a significant increase in flow beyond 30 wk (18) .
A gestational-dependent response of the ductus arteriosus has been demonstrated in fetal lambs. Perfusion of isolated ductus arteriosus showed little change in ductus resistance with increasing Po 2 at less than 100 d gestation, but there was a progressive increase in the constrictor response to Po 2 with advancing gestation (28) (Fig. 7) . These findings would all suggest that it is unlikely that the elevated Po 2 in pulmonary arterial blood in fetuses with transposition would have a significant effect until the latter part of the second, or early part of the third, trimester.
WHY ARE ONLY SOME FETUSES WITH TRANSPOSITION AFFECTED?
In the study of Jouannic et al. (3) of 119 fetuses with transposition in the last trimester, 24 had abnormalities of the foramen ovale or ductus arteriosus or both. That only some fetuses are affected could be related to differences in the responsiveness of the pulmonary circulation and/or ductus arteriosus to increases of Po 2 . A more plausible explanation is that it is related to the proportion of umbilical venous return that is directed through the ductus venosus. In fetal lambs, although an average of 55% of umbilical venous blood flows through the ductus venosus, the proportion varies from about 20% to 80% in different animals (5) (6) (7) . In a study of human fetuses (9), the proportion also varied from about 20% to 80% and was not significantly different in the same fetus in relation to the magnitude of umbilical blood flow (Fig. 3) . The mechanisms responsible for these wide variations in ductus venosus flows have not been resolved. However, a high flow through the ductus venosus, with high velocity and preferential streaming through the foramen ovale, would tend to result in a higher oxygen saturation in the left ventricle and pulmonary artery in the fetus with transposition, than if the ductus venosus flow was low.
PROPOSAL FOR FETAL THERAPY
A study of infants with aortopulmonary transposition showed that, of 295 candidates for an aortopulmonary switch procedure, 4.1% died before surgery (29) . A common feature in these infants was the presence of a small foramen ovale. The status of the ductus arteriosus was not reported, but it is likely it was abnormal in some infants because they did not respond to prostaglandin infusion. In addition, a number of infants with transposition who have had surgery are noted to have high pulmonary vascular resistance that responds poorly to vasodilator therapy.
In this era of attempts to alter the course of some congenital cardiac lesions in the fetus by prenatal intervention, I propose that this be considered in the fetus with aortopulmonary transposition with abnormalities of the foramen ovale or ductus arteriosus. As postulated above, the changes are the result of the increased oxygenation of pulmonary arterial blood. If flow of ductus venosus blood across the foramen ovale could be prevented, the oxygen level of pulmonary arterial blood would be reduced. Figure 8 shows a diagram of the circulation in the fetus with aortopulmonary transposition, in which the ductus venosus has been eliminated and all umbilical venous blood flows through the liver. This results in mixing in the inferior vena cave below the diaphragm and the mixed blood is distributed to both the right and left sides of the heart. Based on assumptions of magnitude of blood flows, the effects of closure of the ductus venosus on oxygen levels in the major arteries in the fetus with aortopulmonary transposition are shown in Table 1 .
The ductus venosus is not essential for mammalian fetal survival; it is absent in the horse fetus, except possibly in very early gestation, and also in late gestation in the fetal pig (30) . It is unlikely that closure of the ductus venosus would significantly affect flow across the foramen ovale, because a larger amount of inferior vena caval blood would enter the foramen. This would decrease pulmonary arterial oxygen saturation. The use of pharmacologic agents to constrict the ductus venosus should be considered. The prostaglandin synthesis inhibitor, indomethacin, has been shown to increase resistance across the ductus venosus (31) . However, it has the disadvantage that it also constricts the ductus arteriosus. Currently, the use of a mechanical device to occlude the ductus venosus seems more feasible. Although the ductus venosus has been traversed by catheters passed through the umbilical vein in the lamb fetus, I suggest that an approach be made from the maternal abdominal surface, as has been done to create an atrial septal opening in the human fetus with hypoplastic left heart (32) . An occluder device could be manipulated into the ductus venosus to achieve closure. 
